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Abstract 
Production companies face in a globalized world more uncertainty regarding their product range. Markets demand customized products, which 
inevitably results in a high variety of companies’ production program. However, the production section of a company has to be able to produce 
the ever increasing variety of their products profitably. Especially in flow-production a high variety of products results in several challenges, as 
such as different work operations, quality problems, adaption of manufacturing equipment and different production time slots. Despite that 
companies must react profitably and flexible to market fluctuations, both in quantity and product range.    
Obviously there is a strong connection between product design and production: A change in design often times has consequences for 
manufacturing equipment or production time. Therefore aspects of production complexity have to be taken into consideration for product 
planning and designing.  
To address this, a method for product designing is given, which is derived from a manufacturing point of view. The developed framework is 
based on a product program and is focused on production time variety. The framework has several scanning steps to specify and classify a 
workstation’s complexity regarding production time differences. It helps finding and differentiating process- and product-related reasons for a 
workstation’s complexity. As a result a pattern will be developed to identify workstations in assembly lines that have high potential regarding 
reducing production time variety. Meaning in particular potential for modularization and reducing time difference between product 
configurations. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
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1. Introduction 
Nowadays, a major challenge for manufacturing 
companies is managing the ever increasing variety of their 
product range. The term mass customization describes that 
situation, as companies provide customized products at mass 
production costs and principles [1]. Production companies 
seek to offer as many configurations of their products as 
possible. That approach is motivated by the diversification of 
consumer preferences and by a fierce global competition [2].  
As a result more variants of a product are created in order to 
gain access to market segments. Figure 1 shows the challenge 
of manufacturing companies when producing customized 
products.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Challenges of mass customization [3] 
Products made by mass customization, are based on one 
design but offer different configurations, that can be chosen 
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by the customer. As a consequence the car industry offers its 
products not only with different engines or derivates, but also 
with different wheels, infotainment systems, seats and many 
more options. Also within these options there are different 
configurations. As a result there exist many different parts in 
an assembly line; those combined can exceed billions of 
possible different variants for a car [4]. Consequently, 
manufacturing has to consider aspects of product design and 
product variety in advance in order to configure production 
systems to its task. Obviously, product design needs to 
evaluate a production system’s configuration and boundaries 
as well. As the interaction of manufacturing and product 
design are distinct, there should be significant effort to match 
these sections of a production company. Furthermore, there is 
a significant economical advantage for those companies that 
manage and control complexity successfully in product 
development [5,6]. There are many methods and strategies, 
presented in chapter 2, to handle complexity in manufacturing 
and also methods that focus on integrating manufacturing 
aspects and product design. Manufacturing representation 
methods have to be developed in order to support 
collaborative design and development [2]. In order to do that 
efficiently and improve those strategies, in this paper a 
method is developed, presented in chapter 4, to improve the 
visualization of complexity in manufacturing processes and to 
derive modularization potential in product design in order to 
ease the negative consequences of product variety for 
manufacturing. As assembly has a significant impact on 
handling product variety in production process [2], the paper 
focuses mixed-model assembly lines, presented in chapter 3, 
to develop and derive a method to improve the transferring of 
production aspects to product design. Production time is seen 
equivalent to assembly time and means the time a worker 
spends on executing the assembling job for a product at a 
workstation. 
 
2. Strategies to manage product complexity 
2.1 Flexible production systems for assembly 
 
Complexity for assembly lines resulting from product 
variety concerns different aspects; quality management, 
assembly equipment and resources planning need to address 
product variety [2]. A particular problem arises for resource 
management regarding the ability to add and remove the 
production resource needed to fulfill the production program 
[7]. Those resources can be seen as production time in an 
assembly line to provide the product volume and range. 
Therefore, complexity in the context of this paper is seen as 
the variety of production time in assembly lines. 
In order to deal with the ever increasing variants of their 
product range, manufacturing companies design their 
production systems as flexible as possible [2]. There are 
different approaches to achieve that goal. The serial assembly 
line by Ford, where one product succeeds another product, is 
based on the approach to gain economic advantage. Next to 
these synchronous assembly systems, where parts move from 
one workstation to the next, there exist asynchronous 
assembly systems. Asynchronous assembly products can 
undergo different workstations, depending on their path 
through the assembly system [2]. Those systems are 
particularly appropriate for subassemblies for the main 
assembly line, where products typically move from one 
workstation to the other in order to gain economic advantages. 
As mentioned in the introduction, manufacturing companies 
facing high complexity in their product range use the principal 
of mixed-model assembly lines [2]. The mixed-model 
assembly line combines productivity and flexibility, as the 
different products can be assembled with a low effort in 
changing manufacturing equipment and a low set-up time [8]. 
Despite having disadvantages regarding efficiency [9], 
mixed–model lines allow to assemble different products in 
one line instead of installing new assembly lines for each 
product variant. To do so the assembled product indeed need a 
certain similarity of product design in order to allow short set-
up times [8]. Basically a mixed-model line is a flow-
production line where products arrive at the workstation 
successively and in constant speed. The stations’ work content 
depends on specifications of assembly line balancing and on 
the assembly order of a product. As an example in a car 
assembly line, the cockpit needs to be assembled before the 
steering wheel can be assembled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Scheme of a mixed-model assembly line 
 
2.2 Strategies in product design  
 
Another leverage point to manage increasing variety of the 
product range focuses on the product design. The design of a 
product has a significant impact on the production process, 
therefore not only constructional aspects but also 
manufacturing aspects have to be taken into consideration [6].  
“Design for variety” (DFV) is a term that summarizes 
design strategies and methodologies that help product 
designers focus on customer requirements and satisfaction in 
spite of increased product variety in production [10]. DFV 
provides methods to define modules and components based 
on customer requirements. Core modules form the product 
platform and define components that are standardized across 
all variants in order to reduce the disadvantages of product 
variety [10]. Those product basics have to be designed by a 
specific standardization of the product architecture in order to 
manage variety [11]. The previous strategies contain methods 
to define product modules; those are independent elements 
215 Stefan Keckl et al. /  Procedia CIRP  41 ( 2016 )  213 – 217 
that can be combined to achieve a certain purpose of a 
superior system. Its characteristics are a functional similarity 
of the product design and a minimal degree of interaction 
between the physical elements [12] .The combination of the 
modules within a superior system in order to realize the 
functionality is considered as integration [13].  
The tools summarized by the term “design for assembly” 
(DFA) focus on the aspects of assembling products by 
improving the assembly processes through product design.  
Those methods often times focus on reducing the number of 
parts of a certain product in order to reduce the total costs of 
an assembly system [5]. As a result work operations, 
assembly time and handling parts decrease. Most DFA 
methods are applicable to product modules, they do not 
consider product variety [10]. Considering product variety for 
the assembly throughout the whole process is still a challenge.  
3. Negative effects of product complexity in a mixed model 
line 
In a mixed-model assembly line all product variants have 
the same way through the system, though by-pass systems are 
possible. As it is a flow-system with constant speed, the 
product variants stay for a fixed time, called cycle time, at the 
workstation. Although different variants often times differ in 
their assembly time, due to different work operations [2,14]. 
A product arriving in a workstation requires a certain 
assembling or production time depending on the configuration 
of the product. As an example, cars (products), having no 
navigation module, arrive at the workstation responsible for 
assembling infotainment features would require low 
assembling time. Those cars, having a navigation module, 
would require more assembly time. This is the result of 
additional or different work operations and equipment 
changes; it represent a challenge especially in a flow line, like 
a mixed-model line, where the cycle time is set.  
Efforts have to be taken in order to avoid stops in the line 
as well as idle time [2]. Figure 3 summarizes the negative 
effects of production time variety. To reduce these negative 
effects, the manufacturing section focuses on supporting 
workers by additional staff for a period of time or allocate 
work in order to reduce idle time. As those efforts have its 
limits and increase the inefficiency of an assembly line, there 
is a strong focus on influencing product design in order to 
reduce variety based disadvantages like production time 
variety in an assembly line [15]. To do so, the causes for 
volatile production time at the workstations have to be 
detected and analyzed in order to assign those causes to 
product design. In particular, identifying modularization 
potential in product design and identifying its benefits for 
assembly line in reducing production time variety. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Production time variety and its consequences 
4. Method for identifying modularization potential in 
product design 
As mentioned in section 3, when examining 
modularization potential in product design, it is useful to 
consider the actual production steps and its restrictions. 
Therefore the structure of the assembled elements, causing 
high production time variety at the workstations, have to be 
assessed. To do so a method is developed and represented 
which consists of five steps. It is based on the assumption of 
an existing assembly line and an actual production program. 
The method focuses on visualizing the assembly process and 
on identifying product components that are highly relevant for 
modularization. Its basic parameter is production time, which 
the products, to be assembled, require at the workstations of a 
mixed model line. By production time, aspects of 
manufacturing  costs are considered and represented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Approach to identify modularization potential 
 
First of all the work content at the workstations is 
identified based on a production program, that can be 
assumed on market forecast or rely on a present production 
program. By doing so the actual assembly process and its 
task, volume and variety of the product range are considered. 
Hereby workstations can be regarded towards their actual 
production time based on the product variants.  
Based on this, the statistical dispersion of the production 
time at each workstation can be calculated. The statistical 
dispersion describes the average deviation of production time 
of each product variant that arrives at a workstation. Figure 5 
presents a workstations regarding their statistical dispersion of 
production time regarding the products; it represents the 
production time variety at the workstation. It should be 
mentioned that by this step not only the difference between 
product variety
production time variety
additional staff idle time product sequencing average utilization drifting
1. Examining production program
transferring production program in
production time
2. Calculation of statistical dispersion
of production time
average deviation of production time 
of products at workstations
3. Analyzing production time variety
within components
assessing production time variety to components
4. Differentiation of components
specification or additional feature
5. Evaluation of interfaces
scanning pre-assembly steps and
conncetion to interfaces
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maximum and minimum production time (time expanding 
rate) is regarded, but the general volatility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Workstation with high statistical dispersion of production time 
 
By examining a workstation’s statistical dispersion, it is 
possible to identify high production time volatility. Therefore, 
there is an indication of modularization potential or at least a 
need for reducing production time variety, as different work 
operation or additional work operation can be assumed at the 
workstation.  
A further step of the methodology differentiates production 
time variety of the work content. It is examined whether the 
work content at the workstation is related to one product 
component or not. A certain product, also product variant, 
arrives at the workstation, where the product needs a certain 
assembly job to be executed: The assembly job can be related 
to one component, e.g. the door attaching at the door 
assembly workstation. Or the assembly job at a workstation 
can be related to different components of the product, e.g. the 
attaching the door and handling the seat of a car at one 
workstation. In these cases product design has rarely influence 
on reducing production time variety. Figure 6 shows the 
actual production time of four product variants at two 
different workstations. At workstation A, the production times 
of the single products are highly clustered by different 
components; the production time variety cannot be linked to 
one specific component of the product. The production time 
variety in Workstation B however, is related to one specific 
component (component 1). The production time of component 
1 is indeed highly varying at the workstation B. 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Assembly time of product variants clustered by components at two 
different workstations 
 
Besides that, different production time can result from 
additional feature of a product rather than from a different 
specification of a component. In that case the question comes 
in focus, if a product does have or does not have a certain 
feature. An example would be the assembling of a rear spoiler 
or sunroof at a car. In this case, product design has rarely 
influence on reducing production time variety, as the 
additional feature represents more a new product component 
than a different specification of the core component. 
Therefore the differentiation of  additional features and 
specifications needs to be done as step 4. 
A similar question that is related to step 4 comes in mind, 
when examining the interfaces of work operation. Different 
production time of a product component can either result from 
additional pre-assembly steps or result from additional 
assembling steps for connecting with the interfaces of the 
product. Therefore, the last step of the methodology examines 
the aspects of interfaces of a product component having high 
production time variety. If there are different or additional 
work operations of a product component containing steps for 
connecting with the actual product, product design can be 
focused on providing similar interfaces of the variants. 
Otherwise, when pre-assembly steps cause different 
production time, pre-assembled components for the assembly 
line come in focus. Those efforts would mainly effect the 
production section and do not lead to a reduced production 
time variety by construction rather than to a shifting of 
variety.  
All these steps have in mind to evaluate the variant’s 
impact on production time in a mixed-model assembly line 
and their applicability for modularization. By representing the 
actual production time and production time variety, the crucial 
work operations in a mixed-model line become evident and 
can be derived for product design.  
5. Summary 
The focus of the methodology is on finding modularization 
potential for product design based on actual assembling 
processes in a mixed-model line facing high product 
complexity. The variety of production time  line serves as a 
basic for the methodology. The methodology’s goal is to 
connect aspects of  the actual manufacturing processes of an 
assembly line with product design; matching modularization 
potential in product design to the requirements of a mixed-
model assembly line. DFA methods do consider assembling 
aspects but further visualization of the assembling process 
needs to be done and needs to be presented to product design 
[2]. By focusing on a production program with its production 
time, cost aspects of the assembly process are considered. The 
methodology helps increasing stabilization of workflow 
processes in an assembly line, especially for those assembly 
lines that are highly burdened with product variety. By 
stabilizing the assembling process and decreasing production 
time variety, the workload utilization in a mixed-model 
assembly line can be increased.  
As mentioned, the focus of the presented approach is on 
production time of the products and its variety; equipment 
C1..4: Component 1…4
VxA/B: Product Variant Vx at Workstation A/B
production time
product V1B V2B V3B V4B
2
1 1 1 1
2
production time
V1A V2A V3A V4A
4
1 1 1 1
2
2 2
2
3
3
product
production time
product1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
cycle time
Idle time
Time exceeding
cycle time
average
production time
(product 1-17) deviation
(product 17)
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aspects are only presented by the production time to use the 
assembly equipment. Therefore, variety of assembling 
equipment is rarely considered. An extension to that 
methodology could consider these aspects. Also construction 
aspects could be considered, in order to derive changes in 
design. Further work could be done in implementing that 
methodology in a software tool; it would ease the generation 
of results and would help a product designer to identify 
modularization potential. Also production program scenarios 
and its implication for product design could be considered 
more easily. 
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